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I n  the process of researching the establishment of a ba5e on the 

lunar surface, PI.A.S,A. has recognized the need -For soil 

equipment. This equipment is vital to site preparation, A suitable 

design for a bulldazer capable af operation on the lunar surface is 

investigated, Design requires that a working knowledge of the lunar 

environment and its effect upon the operation and product life uf 

such equipment be attained. These factors present special 

limitatians during the design phase and different alternatives are 

explored. 



This report serves as a recom endation to .A.S.&#. in 

fullf~llment of the requirements of ~ = ~ - 4 ~ ~ 2  by outlining t 

of a bulldozer specially equipped for implementation on the lunar 

sur f ace m 

2-1 Problem Identification: Special atmospheric and geophysical 

ccrnditions on the earth’s moon make exi5ting earth moving equipment 

unsuitable for this task. An existing earth model, t 

uni loader 1845 I is used a5 a basi5 for the lunar design, 

2.2 constraints: In addition to environ~ental limitations, the 

performance objectives and operating constraints are factors which 

are vital tu the design. These constraints are primarily based on 

those of the Case Uniloader. Cost is given minimal consideration due 

to the fact that this; is specialized equipment f o r  limited 

application rather than a consumer product aimed at competing in a 

defined market, 

2.3.gpecial Considerations: Design alternatives are researched .far 

o p t i m i ~ i n ~  the ease of interfacing man with machine. Human factors 

of operation are set as design criteria are given great 

consideration in the d~terminati~n of the Qinal 
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The lunar environment greatly differs from that on Earth. These 

differences pas= the engine@ring challenges surro~~nding the design of 

a bulldozer for a lunar application, Design of existing soil moving 

construction @quipment is based upon the enviranment here an earthl 

The relevant environmental constraints are: the gravitational field, 

the mean temperature range, atmos~heric conditions, length of 

daylight, and the mechanical properties af the so i l ,  all of which are 

different an the Maon. 

The size and mass of the Moon and the resultant gravitational 

field ha5 the most profound effect upon the operating environm#nt to 

which construction equipment would be exposed. The lunar 

acceleratiun of gravity i 5  approximately one sixth that of earth or 

5.32 ftf5ec2 an the Moan compared to 32,2 ft/5et2 on Earth. 

Thus, an existing design for a bulldazer or loader would weigh much 

less on the Moon and its ability to aintain traction wauld be 

greatly reduced. I n  addition to weight consideratians the lunar 

gravitational field does not rovide a gas5x~.,vs a t m o ~ ~ h ~ r e  that 

campares ta that a4 Earth, i thaut a gaseous atmosphere, convecti ve 

heat transfer becomes impassible. Thu5, con~enti~nal fan and 

"radiator'* cooling devices utilized on Earth would be inadequate on 

Further, the l a c k  of: at~osphere results in virtually no 

atmospheric prE?55LtreI Thu5, exposed, uncantained f luids, such a5 

lubricants, i l l  tend to vapor-ize, 

The moan rotates an its axis once every 27-3 earth days, 

Daylight last5 for appraximately 328 hours at a stretch. 

Temperatures range -from 2 2 O 3 K  (-&%SF) at r;UnTir;@, to 340% 
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C155-Fl during midday. This data w a s  collected by the Apolla 11 

lunar flight at the moonz5 equator, 

In addition, the science of soil mechanics and vehicle mobility 

has produced relationships (bet een) soil characteristics that are 

generally accepted foundations f o r  determining appropriate vehicular 

forms. ASA became aware of these characteristics m o s t  nati 

through work conducted by the General Motors Qefense Research 

Laboratories, Strengh values for the cohesion (c) and the friction 

angle < along with deformation values -for frictian modulus of 

d ~ ~ o r m a ~ ~ o n  CKcs) I ccihesion t3dulu5 (k,) I sinkage exponent (nl , 
arid slip coefficient ( K l  far lunar soil w e r e  abtained from the Apollo 

Program I 

The specificfindividual ef-Fect5 of all of the preceding 

en~ironmental characteristics will be discussed in greater detail a5 

the m a r #  detai 1 ed de5i  gn considerations are outlined, 



Common i n unf ami 1 i ar desi gn probl ems, anal ysi 5 of ex i st i ng si mi 1 at- 

de5ign solutions is often taken into consid ration to furni5h a 

starting paint in the design process, In designing t 

bulldozer, the CASE 1835 Uni-Loader w a s  chosen as a design guide to 

physical and performance specifications. In the course af design, 

some parameters of the CASE model w e r e  modified to suit varying, 

aspects in regard ta operation, envi~onment~ etc. 

4-1* Payload: Payload specifications are derived from the density of 

lunar sail and the ma~imum bucket size available far the CASE 

+rant-end loading attachment. Using 2,716 fbm/ft3 as the density of 

lunar soil and 18,8 ft3 as the SAE heaped-bucket capacity, a 

payload af roughly 51)O lbf is calculated. It is assumed, however, 

that the hydraulic system operating the a tachment will create a lift 

capacity many times greater than this value. 

4,2. D u t y - C v c l e :  Design require5 that tbe period of operation of the 

lunar bulldozer not exceed s i x  hours due to limitations in heat 

removal and power supply, The full cycle o-F operation is contingent 

upan a replenished coolant and power supply. 
h 

aintenance: The lunar bulldazer was designed for ease of 

maintenance (i .e. systems chec service) I A rigorous maintenance 

schedule is difficult to e5tdbliEih due ta lack a+ testing and 

e x  per i mentat i an jt ho ever, problems encountered should be isolated and 

their causes determined 50 that corrective measures can be taken, 

Aside from replenishing supplies, these corrective measures may 

invalve anly ~ ~ m p o ~ e n t  replacem~nt 01 even structure disasse 

i 5  assumed that persans im~lemen~ing maintenance 
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p r o c e d u r e s  u n d e r s t a n d  f u l l y  t h e  f u n c t i o n  of a l l  components and ho 

s y s t e m s  are t o  be d i s a s s e m b l e d  and asse 

,if. O a e r a t i n a  Cons 

m 4 m $ m  §Deed:: The speed  is l i m i t e d  by several factors, These  i n c l u d e  

d e p t h  and t y p e  of soil, v e h i c l e  weight ,  unevenness  of ground su r face ,  

and d r i v e  s y s t e m  s p e c i f i c a t i o n s ,  While t h e s e  factors ere t a k e n  i n t o  

c u n s i d e r a t i o n ,  a ~ a x i m u m  o p e r a t i n g  speed  of s i x  mile5 per hour w a s  

a r b i t r a r i l y  chosen  after i n v e s t i g a t i o n  of the CGSE model m a x i m ~ m  

speed .  T h i s  v a l u e  w a s  a l s u  found to b e  in agreement  w i t h  the l i m i t i n g  

f a c t o r s  mentioned above, For example,  w i t h  a maximum motor speed  of 

;.a00 r p m ,  60:i gear r e d u c t i o n ,  and  3 A  i n c h  tires, a v e h i c l e  speed  of 

s i x  mph c a n  be a b t a i n e d .  

4.4,2. _------------------- Dimensions and W e i q Q t :  While m a j o r  d imens ions  i n i t i a l l y  

evo lved  from i n v e s t i g a t i o n  of t h e  CASE model, c o n s i d e r a t i o n  of area 

and volume r e q u i r e m e n t s  f u r  such corn unenk5 as  f u e l  cells, c o d i n g  

t anks i ,  and d r i v e  sys t em camporients b rough t  a b o u t  .Final o p t l ~ ~ m  

dimens ions .  Overall d i m e n s i o n s  i n c l u d e  l e n g t h  as 1140 i n c h e s ,  w id th  as 

86 i n c h e s ,  and h e i g h t  a5 80 i n c h e s ,  For proper t r a c t i v e  effor t ,  a 

v e h i c l e  weight  o-F r ~ u g h l y  2806 l b f  is n e c e s s a r y  ( l u n a r  e i g h t ;  525 

lbm i n  g e n e r a l ) ,  

7-c 

er/’Fuel C o m s u ~ ~ t i o n :  The f u e l  t a n k s  are s i z e d  to s u p p l y  

fuel for six hours of ~ a x i m u m  o p e r a t i o n ,  A5suming t h e  b u l l d o z e r  will 

o p e r a t e  an average at ?S percent m a ~ ~ i m ~ m  p a  er, t h e  b u l l ~ a ~ e r  can  

o p e r a t e  far 7 hours and 21 minutes; ,  For t h i s  d u t y  c y c l e ,  t h e  Que1 

cell uses a total  volume of 2€,45 f t 3  u-F ~ y d r o g e n  and 16,72 f t3  

of Oxygen. 0 t h  are t o  b e  a t  3000 psi. 



-4.4, T r a c t  i on : E a r l y  in the d e s i g n  p r o c e s s ,  it w a s  r e a l i z e d  

t h a t  some d e t e r m i n a t i o n  of v e h i c l e  t r a c t i o n  r e q u i r e m e n t s  and 

c a p a b i l i t i e s  must b e  made, a5 obvious t a t  t h e  r educed  

g r a v i t a t i o n a l  f i e l d  would d i m i n i s h  t h e  normal f m ~ e s  upon the t r a c k s  

or whee l s  of t h e  b u l l d o z e r ,  r e s u l t i n g  in so i l  shear c)r " s l i p "  when 

t o r q u e  w a s  a p p l i e d  t o  the d r i v i n g  wheels ,  i-f t h e  p r o p e r  weight  and /o r  

contact area w a s  not ach ieved .  

I n i t i a l  r e s e a r c h  l e d  to the w o r k  of Pl, E. Bekker in the area of 

l a n d  locomot ion  mechanics.  Bekker o u t l i n e s  in s e v e r a l  sources , t h e  

e q u a t i o n s  t h a t  can b e  used  t o  approx ima te  v e h i c u l a r  per formance  in a 

soi l  of known s t r e n g t h  and d e f ~ r m a t ~ o n  c h a r a c t e r i s t i c s ,  . 
V 

Based upon so i l  d e n s i t y ,  cohesion, drirtion a n g l e ,  t r a c k  or wheel 

c o n t a c t  area, and a s p e c i - f i e d  s i n k a g e ,  a s a f e  e i g h t  t h a t  w i l l  keep 

t h e  v e h i c l e  a t  or above  t h e  p r e s c r i b e d  s i n k a g e  c a n  be de te rmined  from 

the safe weight  e q u a t i o n s  (see Appendix P Q . 3 ) .  T h i s  e q u a t i o n  is 

coup led  w i t h  t h e  soil dependent  s i n k a g e  r e l a t i o n s h i p  for a g i v e n  

t r a c t i v e  g e o ~ e t r y ~  

An i t e r a t i v e  p r o c e s s  i 5  employed, assuming s i n k a g e ,  t r a c t i v e  

wid th ,  and e - f f e c t i v e  d i a m e t e r .  Once the ccsrrect v a l u e s  for weight ,  

wid th ,  and d i a m e t e r  are d e t e r m ~ n e d ,  a d e t e r m i n a t i o n  of t h e  so i l  

t h r u s t ,  or u 5 e f u l  tractive farce, and drawbar  p u l l  can 

Drawbar p u l l  is t h e  ifference between the soil s h e a r  s t r e n g t h  

Ithrust capacity) and t h e  matian r e s i s t a n c e  of the v e h i c l e ,  

r e s i s t a n c e  results Srom soil compact ion,  wheel or track " b u l l d o ~ i n g ~ '  

due t o  s i n k a g e ,  g r a d e ,  ccr s l o p e  r e s i s t a n c e ,  and i n e r t i a  resistance 

d u r i n g  a c c e l e r a t i a n ,  

The w o r k  od Eekker and o h e r s  i n d i c a t e s  t h a t  t h e  motion 
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resistance ai: a tracked vehicle is approximately three times that of 

a wheeled vehicle, Since the lunar soil has mini 

properties, the lesser tractive area ojs a wheel is not the dominant 

factor in the sail thrust equation. Thiio, far our pur 

assumed sinkage of three inches, a wheel ~ i d t h  of ?ourteen inches;, 

and a d i a ~ e ~ e r  of 36 inches w a s  faund to be appropri~te~ The 

resultant elliptical contact area w a s  found to be 218 square inches 

per wheel I This leads to a safe weight of nearly 940 

wheel and a weight 0.f 880 pounds per wheel to cause three inch 

5inkage. Soil thrust was calculated including a one inch tread or 

grouser depth. Far these conditions, a soil thrust capacity of 660 

paitnds ir; expected. e om pact ion resistance and bulldoming resistance 

were found to be 190 and 150 pounds per wheel, res#ectively. The 

re5Ulting drawbar pull is 320 pounds per wheel; this gives a total of 

nearly i300 pounds of useful tractive force. The results can be 

s u m m a r  i zed as f a1 1 ows z 

Uheel diameter = 3p> inches 

heel width = 6 4  inches 

Tutal weight = 3520 {lunar? po~tnds 

 rawb bar pull = 1300 pounds 



5.1.1. Ms!t_s!EZL The lunar bulldozer will be using fuel cells for 

power; therefore, the only kind of motor that w a s  considered for the 

design was the B.C. motor, 

From a characteristic and application standpoint, C. motors are 

classified according to their type of field m in ding. ere are three 

types: shunt wound, series wound, and compound wound. The operating 

characteristics of these three types differ and are described 

separate1 y .  

~ o L P S _ P e ~ B B l r ~ E _ C ~ B R B ~ ~ ~ R ~ ~ ~ r ~ ~  
Shunt M o t o r s :  Shunt motors run a% very nearly the same speed at any 

load within their capacity. There is but a slight drop in speed from 

no load to full load. This fact makes shunt motors suitable #or 

driving machinery that is designed to run continuously at a constant 

speed The m o s t  important limitation in the use of a shunt motor is 

its moderate starting torque. 

Series M o t o r s :  Series motors are suitable in load applications where 

it is necessary to siipply a large torque with a moderate increase in 

current, such a5 in traction  or^^ c ~ a n e  operation, etc, The speed 

of a series motor varies greatly with the change in loa P Because of 

this speed characteristic, and the resultant possibility of 

dangerously high speed at light loads, this motor is not suitable fo r  

belk drive ar -For use on any load where the t o r  ue might drop b e ~ o w  

1577 sf full-load torque, Another limitation is that the speed range 

cannot be adjusted by practical means1 In this regard, the series 

motor cannot be considered a flexible mokor. 
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cnmen2n@--fin%eE2r The a d d i t i o n  of a c u m u l a t i v e  series f i e l d  winding 

t o  t h e  s h u n t  f i e l d  p r o d u c e s  a compound m o t o r .  The a d d i t i o n  of t h i s  

s e r i e s - f i e l d  winding g i v e 3  t h e  m o t o r  a c h a r a c t e r i s t i c  

combina t ion  of t h e  series and 5hun t  m o t o r ,  

I n  c ~ ~ p o u n d  m a t o r s ,  t h e  s eed  c h a n g e s  i t h  t h e  load, b u t  i t  does not 

change  a5 much a5 i n  a series m o t o r ,  On t h e  o t h e r  hand, t h e  5peed 

c h a n g e s  a great deal  mor^ t h a n  i n  a s h u n t  m o t o r .  ~ o m p o u n ~  m o t o r s  are 

~ t s e d  f o r  l o a d s  r e q u i r i n g  h i g h  s t a r t i n g  t o r q u e ,  or f o r  l o a d s  s u b j e c t  

t o  t o r q u e  p u l s a t i o n s .  They are employed f o r  elevators, air  

campressars, p r i n t i n g  pre55es, etc. 

LE~r~SALIl~E,SLsS-BM------------ ~~~~T~~~ 

The t e m p e r a t u r e  of a n  electric motor h a s  an a d v e r s e  effect an t h e  

l i f e  of t h e  m o t o r  winding. Type5 of i n s u l a t i o n  r e q u i r e d  f a r  v a r i o u s  

t e m p e r a t u r e  r a n g e s ,  and  methods for  a v o i d i n g  h i g h  t e m p e r a t u r e s  are 

d i5cussed .  

MEHA defines t h e  f o l l o w i n g  in5 ;u l a t i#n  cla5se5j: class A ,  class B, 

class F, and class H, The t e m p e r a t u r e  l i m i t a t i o n s  of t h e  f o u r  

classes are a3 + d l f i w s :  

~ A X L ~ U ~ _ L E ~ P ~ S A f U g E I C f  
A 1.05 

B a. 30 

F 1.55 

i-1 a. 80 



Temperatures she n next to each insulation class can be interpreted 

as follows: From the te w-ature shown, su tract 40 -C for ambient 

allowance, and It0 -C fo r  hot-spot allowance (hot-spot is the 

hottest part of the winding that will fail first). This leaves the 

total allowable rise at which the motor will run safely, 

The fife of the otur is inversely ~ ~ o ~ o P t i ~ n a 1  to the tem~erature of 

the windings, It is therefare possible to increase the motor life by 

reducing the t e m p e r a ~ u r ~  of the windings;. This can be accomplished 

by selecting one of the following alterna 

It. Select an enclosure or insulation treatment tu combat 

environmental condi tionsi. 

2. Select high class insulations (F or H l .  

3, Select a high HP rating. 

4. Select a multispeed or wound rotor motar, for frequent or 

high inertia starting. 

The use of high-temperature insdating materials in electric motors 

has opened up possibilities that are not yet entirely exploited. The 

applicability of the va~iocts Cla5r;es of inrjcilation are described 

bel a w  :: 

----- C l a s s  A: This class cctnsists of organic materials for which normal 

life can be expected if the insulation is operated belo 

Gl_an_s_-Ee This class includes glass fiber-, asbestos and mica for 

hich normal insulation life can be obtained i? final temperature 

dues nut exceed 130 * C .  

C l a s s  F: Extensive research with various plastic films and varnishes 

has produced a line of insulating ma erials far intermediate 

t e m p e r ~ t ~ r e  ranges. These can be used in motors operating up to a 

total te~perat~r@ c s f  155 -C, 



GGiZ%.--HL ith the development of silicones for insulation 

 impregnation^ new high-temperature standards became practicable, In 

such designs, the Sinal operating temperature of the insulation 

system can be 180 -6. 

~~G~~~~~~~ 
The various types of enclosures used far protectian of the motors are 

reflected in the N ~ M ~  standardized motor types, Specif icalfy, these 

enclosure types are designated by the degree of protection that the 

motor is afforded. Some kinds of enclosures are the following: 

TEMV (Totally enclosed non-ventilated] 

TEFti (Totally enclosed force-ventilated) 

Explosion proof 

C (Totally enclosed water-cooled) 

The enclosure that is of concern to the design i 5  the TE 

kind of enclosure, the m o t o r s  are cooled by circulating water that i 5  

in direct contact with the motor parts- 

~~~~~~~~~ 

Hethods of mounting have been specified and standardized by NEMA. 

These include rigid mountingss resilient mountings, and flange or 

face mountings~ 6 

ElrsLd--EnueeLnsr This is the simplest and least expensive mothod of 

mounting a motor, The position of the base mount~ng holes with 

reference t o  each other- and to t h e  lacation of. the shaft is specified 



Be~L1Lnet-_Ms~st~sssr T h i s  method isalates motor vibratians and 

reduces ncti 5e. The m o s t  effective arrang~ment i 5  to introduce the 

resiliency as close as pct55ibfe to the 

F h ~ n y ~ _ _ n r _ - E a c 9 - , Y n ~ n ~ ~ n y ~ ~  NEMA ha5 standardized t a end mounts, 

types C and D, and t w o  flange mount5, types P and PH, 

The space dozer will be rasing the fallawing motars +or drive, 

hydraulic ~ u m p  and cooling system. 

------------ DRIVE SYSTEM ~ v ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~  CoPLLHE-svsfEY 
Number af motors 2 1 1 

HP (kw) 20 4151 

Minding seri e5 

HPM 3500 

Torque (max . I  

in in-lbf, 360 

F u l l  load 

current 4 ampsf 63 

Enc 1 c t sur~  TEMC 

I nsiul at  i on c 1 as5 H 

7 451 

ser i 42s 

2000 

22a 

25 

H 

0.5 (0.371 

seri e5 

1200 

26 

2 

H 
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5.1.2. ---------- ~ R I V E T R ~ ~ N T h e  purpose of the drivetrain is to provide 

necessary gear reduction and torque multiplication and possible 

reversing capability. Selection o-f a suitable-syste for the lunar 

bulldozer required careful consideration of the following factors: 

4 1 3  High torque capacity (large gear re 

(23 High operating efficiency; 

(32 ~ i n i m u ~  n u ~ b e r  of moving [heat generating) components~ 

441 Compact size or arrangement of components. 

S i x  separate camponent systems ere incorporated in the lunar 

bulldozer design to accomodate these factors, These include two each 

of a gear re ucer, reversing unit, and final drive unit, 

Ei. lm2.1.  Gear Reducer: Because other +actors are essentially 

derived -from the specificakions chosen for gear reduction and torque 

capacity, this became the deciding factor in selecting a suitable 

gear reducer. Problems associated with gear reduction systems are a5 

follcsws: 

(13 Complexity: while there is no limit to the reduction ratio that 

can be achieved using gearing, arrangements of the components can 

became quite complex for higher ratios, In a simple gear mesh, a 

~ ~ ~ i m u m  ratics in the order of only f3:1 ar 1Q:l can be achieved. Ta 

achieve higher ratios, planetary, planocentric, or harmonic drive 

systems can be utilized. These systems feature multiple load s 

paths; thus, size can be reduced significantly, 

C23 ~ ~ ~ a m i c  Effects: the ~perating speed o+ gears has a signi-ficant 

~f- fect  on the design definition. A t  high sp 5, component 

discrepancies such as tooth spacing error9 shafting im 



so on, generate significant dynamic loading, For these reasons, 

high-speed cornponefits must be of high accuracy t o  minimize problems; 

however, this is in many cases difficult to accomplish. Ta eliminate 

dynamic loading problems, planacentric and harmonic drive systems can 

be utilized, 

difficulties arise from thie usjual paint or line contact 

between teeth in mesh, and from the widely varyinq rates of relative 

motion af teeth during engagement. Individual teeth are a150 

fre~uently worn more rapidly than other teeth, ggravations occur 

during impact loading, when an impact load may be encountered at a 

time when particular teeth are in en~agement and carrying the entire 

laad. Impact effects are likely to cause brinelling, heating, 

cracking, galling, and accelerated failure. A s  stated before, 

planetary, planacentric, and harmonic drive systems feature multiple 

load sharing paths and can be utilized to alleviate problems with 

wear I 

Following evaluations of various gear reduction systems, a harmanic 

unit with &O:i reduction was chosen. The 6O:l ratio w a s  fixed from 

motor and vehicle speed specification, The radically different 

principles upon which the operation of ha~monic drive depends 

pTodLtCes parameters dif+ering considerably ?ram those for 

conventional gearing. Har onic drive depends on the elastic 

deflection of one or mare of its components, specifically the 5train 

gear .. ne complet~ revolution of the strain inducer t i n  

i l l  always roduce an output kooth movement which is equal ta the 

difference in t e number of teeth bet een ring gear and strain gear. 
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Thus, h igh  g e a r  ratios are p o s s i b l e P  Othe r  a d v a n t a g e s  are n o t e  

and i n c l u d e  t h e  f a l l o w i n g - .  

< I )  High c o n t a c t  r a t io  tat least 50 percent of t e e t h  in contact a t  

all t i m e s )  , i r e s u l t i n g  i n  h i g h  t o r q u e  c a p a c i t i e s ;  

42) S p l i n e  t e e t h  c o m e  into contact w i t h  a n  a l m o s t  p u r e  r a d i a l  motion 

and have  e s s e n t i a l l y  z e r a  s l i d i n g  v e l o c i t y ,  even  at h i g h  i n p u t  

speeds. T o o t  f r i c t i o n  losses and t o o t h  w e a r  are v e r y  l a w ;  

e t a u s e  of t h e  l o w  f r i c t i o n  losse5, e c h a n i c a l  e f f i c i e n c i e s  to 

t h e  extent of 95 p e r c e n t  can  be o b t a i n e d ,  U n l i k e  c o n v e n t i o n a l  

g e a r i n g ,  efficiencies in har onic d r i v e s  are p a r t i c u l a r l y  o u t s t a n d i n g  

at h i g h  ratios; 

Cia, S p l i n e  t e e t h  in contact and under  l o a d  are p r a c t i c a l l y  

s t a t i o n a r y ,  Under normal o p e r a t i n g  c o n d i t i o n s ,  dynamic l o a d i n g  is 

v e r y  l o w ;  

Regions  of tooth engagement and application a f  l o a d  t o r q u e  are 

u s u a l l y  d i a m e t r i c a l l y  opposed and r e s u l t  in c o u n t e r ~ a l a n c e d  f o r c e s .  

There-fure,  t h e  b e a r i n g s  used  i n  a harmonic d r i v e  5ystem are o n l y  t o  

enCla5;e t h e  mechanism and w i t h s t a n d  e x t e r n a l l y  a p b l i e d  l o a d s ;  

Cd) Tubu la r  c o n s t r u c t i o n  of splined e l e m e n t s  r e s u l t s  i n  h i g h  

t o r s i o n a l  r i g i d i t y  and t h u s  less indup under  l o a d ;  

(7) Due to t h e  h i g h  t o r q u e  c a p a c i t y ,  harmonic d r i v e  u n i t s  c a n  b e  made 

r e l a t i v e l y  v e r y  s m a l l  in size as compared to c o n v e n t i o n a l  g e a r i n g  

u n i t s ,  ~ n ~ # r t u n a t e l y ,  as a consequence  of small size and l i g h t  

weight ,  t h e  t e r m a l  c a p a c i t y  of a h a r m o ~ i ~  d r i v e  u n i  

cases be its l i m i t i n g  c h a r a c t e r i s t i c .  I n  o r d e r  iro r e a l i z e  its 

p o t e n t i a l  ca a c i t y ,  f o r c e d  c a o l i n q  m e a n s  s h o u l d  be used -For c o n t i n a u s  

heavy-duty s e r v i c e ,  



The reversing unit was designed to 

accomodate the high output torque from the harmonic drive unit and 

provide +or the follo ode5 of operation: forward, neutral, and 

reverse. This type of design w a s  originally adapted from equivalent 

ffactiofial-horsepower gearbox designs i n  applications =tach as ri 

Forward mode is accamplished by the positive-drive ratio af a silent 

chain drive. Silent chain w a 5  chosen far t h e  follo ing reasons:: 

114) Smcroth and efficient operation even i n  rigarous app1iCatiOn5; 

(23 Suitable 3ar transmis5ion of pawer over a ide range of laads and 

speeds; 

(31 Especially suitable far s h a r t  drive-cenkers, small diameter 

5prCJckets; and low speeds, 

Reverse made is ~ ~ c a m p l i s h ~ d  by a 5pur gear drive (providing the 

negative-drive ratio). Despite the advantages a9 helical gearing in 

regard “ta noise and vibration, “the resulting generation of an axial 

thrust w a i i d d  necessitate the  addition of a thru5;t bearing an each 

helical gear shaft and add complexity to the system. The use of 5pur 

gearing Ma5 fe l t  adequate in t h i s  case- 

Drive made (in contrast to “neutral”) is accessed by engaging the 

fixed spline on the input shaft (essentially the h a r m ~ n i ~  drive 

output s h a f t )  w i t h  either af t h e  free-spinning sprocket or spur gear 

zplines by means cif and internal spline coupler. Thus, outpu“t to the 

final drive u n i t  is the result of power diverted through the si 

chain drive ar spur gear drive, 

dm 1-2-3, Final rive hlnitt: The final drive u n i t  i 5  re5pon5ible far 

diverting power output from the reversing unit ta the drive wheels. 

r 



U t i l i z a t i o n  af t h e  s k i d - s t e e r i n g  c o n c e p t  r e q u i r e d  t h a t  b a t h  f r a n t  and 

rear d r i v e  whee l s  a n  e i t h e r  s i d e  of t h e  v e h i c l e  rotate in unir;on, 

t o  t h e  g r e a t e r  c e n t e r  d i s t a n c e  af 60 i n c h e s  between f r o n t  and rear 

d r i v e  a x l e s ,  c o n s i d e r a t i o n  was g i v e n  t o  t h e  -Colla i n g  for e f -Cec t ive  

t r a n s m i 5 s i o n  of po r i v e s ,  c h a i n  drivesi, and beve l  g e a r  

Eprive~i [a m i t e r  gearbox a t  e a c h  a x l e  w i t h  a c o n n e c t i n g  shaft). 

Because of the i n h e r e n t  slippage i n  b e l t  d r i v e s  and ~ o m ~ l e ~ i t ~  of t h e  

beve l  d r i v e s ,  a roller c h a i n  d r i v e  is recommended -Cor t h i s  

a p p l i c a t i o n .  To t r a n s m i t  m a x i m u m  ~ a w e r ,  t w a  doub le - s t r and  A 

raller c h a i n s  w i t h  f o u r  t w i n  It&-kaath s p r o c k e t s  are r e q u i r e d .  fn 

a d d i t i o n ,  a n a t h e r  set with s h o r t e r  c e n t e r  d i s t a n c e  is r e q u r e d  t o  

accomadate  t h e  p h y s i c a l  a r r angemen t  between r e v e r s i n g  u n i t  o u t p u t  and 

rear d r i v e  a x l e s -  



5.1.9. @h!z!zLS& SAE S t a n d a r d s  f o r  T r a c t o r ~ ~ m p l e m e n t  d i s c  Wheel5 

o f f e r  a wide r a n g e  of sizes and s t r e n g t h  r a t i n g s I  P e r t i n e n t  

d imens ians  and mount in^ r e q u i r e m e n t s  are easi ly  s p e c i f i e d .  For  t h e  

r e q u i r e m e n t s  of t h i s  p r o j e c t ,  a wheel,  S chrrtsen. The 

d i a m e t e r  is 1 i n c h e s  wi th  a 114 i n c h  T i  r a d i a l  l oad  

r a t i n g  i5 5000 pound5; t h i s  e x c e e d s  our l o a d  r equ i r emen t s ,  b u t  w a s  

ue t o  it5 d imens ions  and t h e  p r o j e c t e d  ea5e wi th  ~ h i c h  it 

might  be a l t e r e d  or modi f i ed  t o  m e e t  our needs.  e r e q u i r e  a 36 

i n c h  d i a m e t e r  t i re,  which o u l d  n u r m a ~ ~ y  b e  met wi th  a pnuematic  

tipe. However, a s o l i d  wheel c o n s t r u c  ed  of w i r e  mesh ?r as f u r  t h e  

LRV used d u r i n g  t h e  Apollo m i ~ s i o n 5 ~  or a spoked m e t a l  r i m  a d d i t i o n  

wi th  a n g l e  i r o n  " t r eads '*  as  used  in e a r l y  tractor d e s i g n s  would b e  

m o s t  s u i t a b l e  Sur  aur needs .  



5.1-4, Bearirrssa In selecting bearings f o r  a given application, 

consideration must be given to the following: 

(a) I specif ied dimensions a+ the- spate here the bearings are 

to be mounted. 

(b). loads the bearing will need to withstand 

(cl satisfactory life required af the bearings under specified 

aperati ng condi ti ons. 

Due to the fact that thrust loads will be generated at the final 

drive axis, the use of tapered roller bearings is ~ e c o m ~ e n d e d -  Since 

they can withstand a combination of radial and thrust loads, tapered 

roller bearing5 combine the advantages ai: ball and straight roller 

bearings. In addition, tapered roller bearings are especially suited 

far low-speed aperation. 

Each shaft will require t w o  tapered roller bearings in direct 

mounting to cancel the self-induced thrust reaction5 caused by taper. 

A total af eight bearings if; required f o r  the drive axles: faur 2.25 

inch bore diameter tapered roller bearings with a width of P,50 

inches, an outer diameter af 4.875 inches, a radial load rating a+ 

9,280 l b f  and an axial rating af 5470 lbf ~ ~ i m ~ e n  part na, TS 555-5 

cup and TS 5 5 2 A  cane); four 2-30 inch bare diameter two-row tapered 

pal 1 er bearings ith an outer iameter a4 4,72 inches, a 

2.822 inches, a radial laad rating of 18,900 lb# and a thrust rating 

of &,2&0 lbf (Timken p a r t  no. 3 ~ ~ ~ 7 7 4 ~ - ~ 0  02, Type SR t 

bearings;). f f o r  calculations of the required load ratings far the 

above bearings, pfeikse 5ee ppendi~ 10.3. 
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5.3 STRUCTURAL SUPPORTS: 

5.3.1 -------- CHASSIS:: The c h a s s i s  of t h e  b u l l d o z e r  is a combina t ion  of a 

steel b a r  f r a m e  w i t h  I l a y e r  oS welded s t a i n l e s s  steel on h t e  o u t s i d e  and 

on t h e  i n s i d e ,  The i n s u l a t i a n  a u t l i n e d  i n  s e c t i o n  5.22 is c o n t a i n e d  

between t h e  t a p l a t e s .  The bot tom h a s  o n l y  one p l a  h i c h  e x t e n d s  out  

p a 5 t  t h e  s i d e s  t o  p r a v i d e  s u p p o r t  f o r  t h e  wbeel n t s , T h i s  d e s i g n  

p r o v i d e s  to ta l  con ta inmen t  of the internal c a v i t y  f rom t h e  l u n a r  d u s t  and  

p r o v i d e 5  added s t r u c t u r a l  s u p p o r t  f o r  t h e  mounting af t h e  fue l  cell and  

f u e l  t a n k s  on t h e  i n s i d e  as well as  mounting t h e  l i f t  a r m  a s s e m  

wheel mounts on t h e  o u t s i d e .  

The bot tom of t h e  c h a s s i s  also e x t e n d s  2 f t  in t h e  rear to p r o v i d e  

s u p p o r t  for  t h e  d r i v e  motors. T h i s  bot tom p l a t e  is 112 i n c h  t h i c k  and i 5  

stai n l  ess steel I 

The o t h e r  p l a t e s  on t b e  c h a s s i s  are I f 4  i n c h  t h i c k  s t a i n l r t s s  steel. 

T h i 5  t y p e  of c o n s t r u c t i o n  w a s  s e l e c t e d  +or its l o w  t h e r m a l  c o n d u c t i v i t y ,  

The t o p  p l a t e  is cut and hinged 3 feet from t h e  back e d g e  of t h e  c h a s s i s  

box t o  a l l c i w  access t o  the f u e l  cel ls  and  f u e l  t a n k s -  

The steel re inSa rcemen t  b a r s  are 114 i n c h  f-Beams, They are welded 

t u g e t h e r  and the steel p l a t e 5  are welded to them, They also p r e v e n t  t h e  

i n s u l a t i b j n  from moving between t h e  p l a t e s .  

Because d e s i g n  c a l c u l a t i o n s  of a combined s t r u c u t r e  is d i f f i c u l t  to 

p @ r ~ ~ r m ~  a s u p e r p o s i t i o n  p r o c e d u r e  is used  ta g u a r a n t e e  t h e  needed 

s t r e n g t h  of t h e  chass i s ; .  

5-3.2 --------------- LIFT ARM ASSE BLY ------------ ~ O U ~ T S :  Two i m p o r t a n t  c o n s i d e r a t i o n s ,  to ta l  

moment and total  s h e a r  f o r c e s ,  are takEin into a c c a u n t  i n  d e s i g n i n g  a 

s u p p o r t  f o r  t h e  lift a r m s .  F i r s t ,  t h e  2 mounts must s u p  ar t  t h e  total  

weight  a f  t h e  sail  in t h e  b u c k e t ,  ecause t h e  sail an the moon i f  less 



d e n s e  t h a n  t h e  soi l  on t h e  e a r t h ,  and b e c a u s e  of t h e  g r a v i t y  d i f f e r e n c e ,  

t h e  total  , l i f t  forces would b e  500 l b f  under  m a ~ i m u  

t r a n s l a t e s  into a ' total  s h e a r  force of 250 l b  which t h e  m e t a l  and its 

weld5 mu5t w i t h s t a n d ,  

Second, t h e  2 mounts must b e  welded so t h a t  h t e  j o i n t s  c a n  s u b s t a i n  

t h e  5200 i n  l b f  e x p e r i e n c e d  d u r i n g  b u l l d o ~ i n ~  as a r e s u l t  of t h e  1300lbf  

drawbar  p u l l  f o r c e .  Obvious ly ,  t h e  second  c o n d i t i o n  h a 5  h i g h e r  stresse5i 

and if: t h i 5  cri teria is s a t i s f i e d ,  t h e  first i l l  b e  s a t i s f i e d  as w e l l .  

Based on t h e s e  forces and t h e  d e s i g n  o f p a t t e r n ,  118 i n c h  steel p l a t e s  w e r e  

s e l e c t e d  as t h e  size neces5at-y t o  s u p p o r t  t h e  a r m s .  

5.3.3. whEEL-rnaiustr The whee l s  w i l l  b e  mounted t o  t h e  c h a s s i s  by 2 

support e y e  members. b e c a u s e  the e n t i r e  s h a f t  w i l l  rotate, bearing5 w i l l  

be p r e s s  f i t  i n t o  e a c h  eye, On@ eye w i l l  b e  a g a i n s t  t h e  w a l l  of t h e  

c h a s s i s  and t h e  o t h e r  w i l l  be an t h e  outmost  p a r t  of t h e  running board.  

They b a t h  will be b o l t e d  t o  t h e  c h a s s i s ; .  I n  a d d i t i o n ,  a m e t a l  c a s i n g  w i l l  

surraeind t h i s  e n t i r e  c h a i n  s e c t i o n  t o  protect it + r a m  t h e  d u s t ,  
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5-4 POWER SUPPLY 

I n  t h i s  s e c t i o n  of t h e  dea ign ,  t h e  v i a b l e  a l t e r n a t i v e s  w e r e  Sue1 cells 

and s t a r a g e  b a t t e r i e s .  ecause s t u r a g e  b a k e r i e s  accupy a large v a l u  

J u s t  t o  supply t h e  b u l l d o z e r  w i t h  ample power, fuel cells w e r e  adop ted  as 

t h e  -source of power, I n  a d d i t i o n ,  s t o r a g e  b a t t e r i e s  r e q u i r e  a slo 

r e g i n e r a t i o n  a t  l o w  v o l t a g e s .  T h i s  would n o t  a l l o w  for a d e q u a t e  b a t t e r y  

t u r ~ a r o ~ n d ~  t h u s  r e i n f o r c i n g  t h e  d e c i s i o n  t u  use fuel cells. 

5.4.1 E!=!EL__GELL--IYPEE A hydrogen oxygen f u l e  cell w a s  s e l e c t e d  

p r i m a r l y  because  of t w o  rea5ons. One, t h e  by-product ,  w a t e r ,  cou ld  b e  

s e p a r a t e d  by an e l e c t r u l y s i s  d e v i c e  powered by solar solar energy ,  

Second a d d i t i o n a l  fuel cou ld  b e  t r a n s p o r t e d  on s i g h t  i n  t h e  form of  

w a t e r  w i thou t  t h e  risk a f  p o s s i b l e  e x p l o s i o n  of gases- T h i s  w a t e r  cou ld  

tie t r a n s p o r t e d  f o r m  t h e  e a r t h  or f rom t h e  l u n a r  p o l a r  caps;. Fuel cells 

r e q u i r e  miminal  main tenance  and can be s t a r t e d  up i n s t a n t a n e o u s l y  a t  

t e m p e r a t u r e s  a5 law a5 - 1 O . F .  

5.4.2 LHEBMoC~EMfsISY__BSC~~~o!=!~~E Power is produced i n  a hydrogen 

oxygen f u e l  cell by t h e  release a S  a free electron t o  an e x t e r n a l  c i r c u i t  

d u r i n g  o x i d a t i a n  of a hydrogen molacule. T h i s  praces5 i -s  ach ieved  by 

s u p p l y i n g  hydrogen and oxygen t o  t w o  s e p e r a t e  e l e c t r o d e s  immersed in a 

electrl y t i c  s o l u t  i o n  The f r e e  electrons i g r a t e  t u  t h e  anode  and t h e  

a c t i v e  hydrogen ion t r a v e l s  t h rough  t h e  e l e c t r o l y t e s  t o  combine wi th  t h e  

oxygen i o n  to  d o r m  t95ually,  t h e  e l e c t r o l y t e  i 5  a p o t a s s i u  

hydrox ide  of rs i t l fur ic  s o l u t i o n ,  The chemica l  r e a c t i o n  between t h e  

ydrogen an olecules is an e q u i l i b r i u ~  reaction. T is r e a c t i o n  

a l l o w s  t h e  to ta l  sys t em t o  a c h i e v e  a l o w e r  ene rgy  state y f a rming  a m o r e  

s t a b l e  compo~nd,  ater3 and r e l e a s i n g  the e x t r a  e l e c t r o n s  of t h e  

r e l a t i v e l y  c tns t ab le  hydrogen molecule. The e m p i r i c a l  reaction f a r  t h e  
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o x i d a t i o n  af hydrogen i n  an a l k a l i n e  e l e c t r o l y t e  i5: 

2H2 i- 2132 2 

5.4-3. QESZEH--MELHPDL In d e s i g n i n g  a f u e l  cell f o r  t h e  

b u l l d o z e r ,  a l i n e a r  e x t r a p o l a t i o n  of a v a i l a b l e  d a t a  based  an r e l a t i v e  KWH 

demands can p r a v i d e  an a p p ~ o ~ i m a t i ~ ~  and a b a l l p a r k  figure fo r  the new 

d e s i g n ,  This method is used to p r o j e c t  t h e  s i z e  and we igh t  s p e c i f i c a t i o n s  

of t h e  f u e l  cell f o r  t h e  ASA b u l l d o z e r .  

5.4.4. eBPJEcLEP-_SSPEcLEZc41r9Ysr For a total demand of 2 4 O ~ ~ H ,  a 

hydrogen -oxygen f u e l  cell o p e r a t i n g  a t  85% e f f i c i e n c y  has t h e  f o l l o w i n g  

p r o j e c t e d  s p e c i f  irat ions.  

Weight of f u e l  cell IbOO l b f  
V o l u m e  of fuel cell 26 f t 3  
Hydrogen r e q u i r e d ,  per KWH at STP 10s -ft= 
Oxygen r e q u i r e d ,  p e r  KWH at STP 54 f t 3  
Volume of 02 and 2 at 36OOpsi 
Weight a+ 02 and H2 and f u e l  t a n k s  45C1,O l b f  

32-2 f t 3  

T o t a l  weight  of f u e l  cell and f u e l  s y s t e m  2853 I b f  

5.4.5. EYetuBLlPHi Based on this  extrapolation^ t h e  hydrogen oxygen 

f u e l  cell can power t h e  NASA b u l l d a r e r  at peak power c a n t i n u o u s l y  oyer a b 

hour  d u t y  c y c l e .  In a d d i t i o n ,  t h e  fuel cell and the fuel t a n k s  m e e t  t 

s i z e  and weight  l i m i t a ~ i o n s  ad t h e  p r o j e c t .  Thermal i n s u l a t i o n  and w a t e r  

cooling w i l l  p r o v i d e  a d e q u a t e  h e a t  r e ~ o ~ a l  to ~ ~ i n t a i ~  a c o n s t a n t  

o p e r a t i n g  t e m p e r a ~ ~ ~ ~ e r  in t h e  cell.  



5-4.6. TANK SPECIFICATIONS: The fuel tanks far the f u l e  cell must meek 

the S a l  1 owi nq speci f icati anai: 

H2 TCINK 02 TAP-lK 

V a l  ume 21.45 ft3 

Di mensi ons 

Pressure 3000 PSf MCIX 

3 'x%.25"x  f - 7' 
10-72 ft3 

1. I'X3"%4*25" 

The tanka m u s t  be internally braced and constructed with rounded carneis,. 

30 



5.5.  ............................... Insulation Haterials and Caatincpi There are three dangers t o  ~ 

materials in space: ultraviolet radiation ?r particle radi ati on and 

micrometeorite rain. Since shielding the astronaut is not a prima~y 

consideration in this design (the dozer- is operated by remote 

control), metallic coatings are recom~ended- For thermal protection, 

all exterior surfaces will be painted a bright white. A recommended 

coating is Chemical Fabrics by Birdair Structures of Buffalo, N e w  

Vorkj this coating h a s  a fiberglass base with a teflan exterior 

surf ate, Originally a soft, light brown film, this material reacts 

with the sun in seconds to form a hard, brilliant white coating. For 

pratection against micrometearite pitting, it is also suggested that 

several thin layers of Dupont Kevlar K-28 (a textile fiber campasite) 

and neoprene rubber be used directly under the metallic coating. 

G-10 fiberg1a~;s is the recommended insulation material, Even a 

relatively small puncture in one of the camponents would cause loose 

#ibergld55 ifrsulatian to escape and float around in 5pace; therefore, 

the fiberglass should be encased in several layers of parachute clath 

or a similar fiPker fabric. By lining the chassis with a layer of 

neoprene rubber in addition to the fiberglass insulation, w e  can also 

minimize the shock caused by sudden stops- 

( 



dimis ~ r ~ o n a m i c s ~ ~ o n t r o l s ~  fter t h e  volume r e ~ u i r e m e n t s  of t h e  

powerplan t ,  t h e  f u e l  tank5i ,  and t h e  c o o l i n g  s y s t e m  became apparent, 

w e  d e c i d e d  upon remote c o n t r o l  for t h e  a p e r a t i o n  of t h e  dozer-.. 

Remote o p e r a t i o n  h a s  a number of advan tages ,  F i r s t ,  t h e  o p e r a t o r  

w i l l  n o t  run t h e  risk of 5uit p u n c t u r e  by t h e  s h a r p  edges or r i d g e s  

t h a t  may ari5e d u r i n g  t h e  normal  o p e r a t i a n  of t h e  dozer .  For 

examplel ex tended  u p e r a t i o n  of t h e  d o z e r  i n  r o c k y  areas cauld wear 

the l o w e r  e d g e s  of t h e  bumpers and .Fenders u n t i l  t h e s e  e d g e s  w e r e  

s h a r p  enough t o  puncture t h e  o p e r a t a r ' s  s u i t ,  

A l s a ,  t h e  o p e r a t o r  w i l l  nok have  t o  c l i m b  o v e r  t h e  l i f t  a r m s  or 

o t h e r  parts C S ~  t h e  d o z e r  in o r d e r  t o  r e a c h  t h e  c o n t r o l  p a n e l .  The 

severe motion r e s t r i c t i o n s  imposed by t h e  o p e r a t o r ' s  s p a c e s u i t  w i l l  

t h e r e f o r e  not pose a problem- By c o n t r o l l i n g  t h e  d o z e r  f rom t h e  

o u t s i d e ,  t h e  o p e r a t o r  w i l l  also e n j o y  a b e t t e r  view of t h e  area 

s u r r o u n d i n g  t h e  d o z e r ,  T h i s  s h o u l d  l e ~ i s e n  t h e  l i k e l y h o o d  of back ing  

or t u r n i n g  i n t e  a b s t a c l e s  t h a t  might  o t h e r w i s e  b e  b locked  from t h e  

o p e r a t o r " 5  view. 

The u p e r a t o r  may c e n t r o l  t h e  d o z e r  .From a 5 m a l l  v e h i c l e  s i m i l a r  

t u  t h e  Lunar Roving V e h i c l e  used  in various & p a l l #  Missions. T h i s  

would e n a b l e  the aperator to r e t u r n  t o  b a s e  d u r i n g  h i 5  w o r k  s h i f t  

~ i t h # u t  u s i n g  t h e  r e l a t i v e l y  l a r g e  q u a n i t y  af f u e l  it would r e q u i r e  

to d r i v e  t h e  d o z e r  t o  base and back t o  t h e  w o r k s i t e .  The s m a l l e r  

v e h i c l e  c o u l d  also b e  used  to t a k e  t h E  o eratar t o  ba5e,  s h o u l d  t h e  

d o z e r  b r e a k  dawn on t h e  

The re  are also s a f e t y  a d v a n t a g e s  k h a t  arise f rom the r e m o t e  

e r a t i a n  of t h e  dozer .  Far i n s t a n c e ,  if t h e  dozer s h o u l d  o v e ~ t ~ r n ~  
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t h e  o p e r a t o r ’ s  l i f e  would n o t  be j e o p a r d i z e d .  The s a m e  is t r u e  far 

t h e  case ctf  fire,  Hydrogen and ctxygen leakage c o u l d  l e a d  ta a fire, 

p o s s i b l y  even  an e x p l o s i o n ,  b u t  w i t h  r e m o t e  o p e r a t i o n  t h e  r i s k  t o  

human l i f e  i5 minimi5#d- 

~~~~~~~~~ 

The r e m o t e  c o n t r o l s  f o r  t h e  d o z e r  w i l l  be l o c a t e d  in a s e l f -  

c o n t a i n e d  p o r t a b l e  cc tn t ro l  p a n e l .  T h i s  pane l  c a n  b e  mounted t o  t h e  

 operator'^ s p a c e s u i t  by eans of t w o  s m a l l  b a t t e r y  p o d s  which s l i d e  

i n t o  s l o t s  i n  t h e  f r o n t  of t h e  suit, (see drawing  , Appendix---) I 

The panel  is a d j u s t a b l e  far h e i y  t and angle t o  s u i t  t h e  o p e r a t o r ’ s  

pref e r e n c e .  C o n t r o l  o-f t h e  dozer’s+ movements is e f f e c t e d  by t w o  

c o n t r o l  s t i c k s  mounted on t h e  p a n e l l  &ll s i g n a l s  t r a n s m i t t e d  from 

t h e  pane l  are r e c e i v e d  and p r o c e s s e d  by a computer l o c a t e d  an t h e  

d o z e r  I 

Movement of t h e  c o n t r l  s t i c k s  af-fect t h e  d o z e r  as follokts, 

Forward ~ o v e m e n t  of e a c h  s t i c k  i n c r e a s e s  t h e  p c t w e r  d e l i v e r e d  t c t  t h a t  

c o r r e s p o n d i n g  d r i v e  m o t o r  f l e f t  or r i g h t )  and t h e  gearbox w i l l  b e  set 

Rearward move men^ of t h e  s t i c k s  i n c r e a s e s  t h e  

r e t a r d i n g  f o r c e  d e l i v e r e d  t o  the wheels ,  If one of t h e  5 t i c k s  is 

~ o v ~ d  rear h i l e  t h e  d o z e r  is o v i n g  f o ~ w a r d ?  t h e  c o m p u t ~ r  w i l l  

i n i t i a l l y  u s e  t h e  b r e a k i n g  t o r q u e  of t h e  correspctnding t o  a p p l y  t h e  

r e t a r d i n g  force. I f  t h e  d e  anded r e t a r d a t i o n  is g r e a t e r  t h a n  t h e  

m ~ ~ i m u m  a v a i l a b l e  b r a k i n g  t o r q u e  of t h e  mator, t h e  computer w i l l  

actuate t h e  brakes as neces5;ary to p r o v i d e  t h e  d e s i r e d  r e t a r d a t i n g  

eratar c a n t i n u e s  t o  h o l d  t h e  s t i c k  r e a r w a r d  after 

ped, t h e  cum i l l  engage reverse g e a r  and 

a p p l y  pctw#r t o  t h e  cctrrespanding maIror as d e s i r e d ,  
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S t e e r i n g  is accompl ished  by c a n t a l l i n g  t h e  r e l a t i v e  5peed5 of t h e  

motors. ~ o v e m e n t  of t h e  h y d r a u l i c  c y l i n d e r s  is also c o n t r o l l e d  by 

t h e  t w o  sticks, Moving t h e  r igh t -hand  < RH 1 s t i c k  away f r o m  t h e  

c e n t e r  of t h e  panel w i l l  l i f t  t h e  entire bucke t  assembly. La  

of the bucke t  ~ 5 5 e m b l y  is e f f e c t e d  by moving t h e  RH s t i c k  3 g ~ a r d s  t h e  

c e n t e r  of t h e  pane l .  The l e f t - h a n d  4 LH 1 stick cont ro ls  t h e  tilt 

c y l i n d e r s  in much t h e  s a m e  way ; moving t h e  L W  s t i c k  away f r o m  t h e  

c e n t e r  a-f t h e  p a n e l  w i l l  rotate t h e  bucke t  upwards and m#ving t h e  

stick: t o w a r d s  t h e  c e n t e r  of t h e  panel w i l l  rotate t h e  b u c k e t  

I n  t h e  e v e n t  of b r a k e  f a i l u r e ,  d e p r e s s i n g  the t w o  b u t t a n s  

a t o p  t h e  c o n t r a 1  s t i c k 5  s i m u l t a n e o u s l y  < w i t h  t h e  thumbs 1 w h i l e  

r a t a t i n g  b o t h  s t i c k s  inward w i l l  release t h e  emergency b r a k e s  and 

b r i n g  t h e  d o z e r  t o  a h a l t ,  The emergency b r a k e s  are sp r ing - loaded  

and must be re5;ert manual ly  by means of two levers ,  one on each  5 i d e  

of t h e  c h a s s i s .  T h i s  f e a t u r e  e n a b l e s  t h e  emergency b r a k e s  to 

-Function a5 p a r k i n g  b t - a k e s  w h i l e  t h e  d o z e r  i5 n o t  i n  s e r v i c e ,  

f n  t h e  e v e n t  of an o u t w a r d l y  o b v i o ~ i s  f i r e ,  t h e  o p e r a t o r  may 

d e p r e s s  t h e  FIRE b u t t o n  an t h e  c o n t r o l  panel, I n i t i a l  depres5ictn 

of t h i 5  buttan w i l l  c a u s e  t h e  computer to per fa rm a r a p i d  t e m p e r a t u r e  

check  at seve ra l  key l o c a t i o n s  i n s i d e  t h e  darner. An a u d i b l e  a l a r m  

w i l l  also b e  a c t i v a t e d ,  I f  t h e  computer  d e t e c t s  d a n g e r o u s l y  h i g h  

t ~ m p ~ r a t ~ ~ r ~ s  in any spot, i t  w i l l  a u t o m a t i c a l ~ y  t r i g g e r  t h e  on-board 

fire e x t i n g u i s h i n g  sys tem,  which will d e l i v e r  a n  i n e r t  gas t o  t h e  

roblem area v i a  a v a l v e  a r ~ a n g e  I f  t h e  FIRE buttan is 

r e s s e d  3 t i m e s  

d e l i v e r  a c h a r g e  of gas t h r o u g h o u t  t h e  i n t e r i o r  of t h e  d o z e r  

r e g a r d l e s s  of t h e  computer '5  d i agnos i s ; .  
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The d o z e r ’ s  computer also p r o v i d e s  several automatic c o n t r o l  

f u n c t i o n s ,  Far example,  t h e  compiiter will keep track of t h e  a n g l e  of 

t h e  lift arm, and the h y d r a u l i c  f l u i d  f l o w  rate to t h e  l i f t  

c y l i n d e r .  From t h i s  i n ~ # r ~ a t i o n  it will d e t e r m i n e  t h e  v e r t i c a l  s p e e d  

of the bucke t  and m a k e  t h e  necessary corrections t o  t h e  h y d r a u l i ~  

f l u i d  f l o w  rate to e n s u r e  t h a t  t h e  l i f t  a r m ’ s  downward a c c e l e r a t i o n  

d o e s  not exceed  t h e  moon’5 g r a v i t a t i o n a l  acceleration. The comput~r 

w i l l  also keep t rack of t h e  d o z e r “ s  a n g l e  i n  t h e  p i t c h  plane to t r y  

to p r e v e n t  f ~ r w a r d  or b a c ~ ~ a r d  s o m e r s a u l t i n g  as a ~asult o-f: ap 

too much power w h i l e  p o i n t i n g  up a s t e e p  i n c l i n e  or too much b r a k i n g  

force w h i l e e  t r a v e l l i n g  down a s t e e p  g rade .  The computer can also be 

set to d i s a l l o w  wheel l o c k i n g  under b r a k i n g  ur whee l sp in  ttnder 

~ u r t h e r m ~ r e ~  t h e  computet- will not p e r m i t  reverse g e a r  t o  be 

engaged w h i l e  t h e  dozer is m ~ v i n g  $orward ar v i c e  v e r s a ,  

One of t h e  primary f u n c t i o n s  of t h e  ~ o m p ~ t e r ,  however, is t o  

d i a g n o s e  t h e  dozer’s; o p e r a t i n g  corrciitian and c o n t r o l  v i t a l  s y s t e m s  < 

such  as t h e  cficrling system 1 I Because of the h i g h  day t ime  

t e m p e r a t u r e s  e x p e r i e n c e d  n e a r  t h e  lunar equator, and b e c a u s e  %he l a r k  

of an  a tmosphere  p r e c l u d e 5  c o n v e c t i v e  c o a l i n g  syste 5, ~ a ~ n t a i n ~ n g  

p r o p e r  o p e r a t i a n  a# t h e  ccrcrling system is a? i r t m o s t  impor tance .  The 

c # m ~ u t ~ r  must r e a d  t h e  o erit~i~g t e ~ p e r a ~ ~ ~ e s  of the f u e l  cell 

bat tery ,  t h e  gearbox,  e a c h  o4 t h e  bazer’E+ 8 electric motors, and t h e  

e l e c t r f i n i c  ~ u ~ p # n ~ n ~ 5  #f the c o ~ ~ u t e r  itsel+, and d e c i d  much 

c o o l i n g  w a t e r  to send  t a  each  campanent t@ keep i t  at its ~ p t i m u m  

~ ~ e ~ i t t i n g  t e ~ ~ ~ r a t ~ ~ e  

Based on both it s h a r t - ~ e r m  fZ min, 3 and a long-term < 30 m i n ,  3 

t i m e  a v e r a g e  fif t h e  total  d e m a ~ d  ora t h e  coding s y s t e m s  and the 
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p#~erplants, the computer then estimates the time re~aining be-fore 

refueling, replenishing the coaling t a n k s ,  or both, This estimate is 

displayed continuously on the control panel. T re5sure is 

also displayed on the panel in term5 of lighted bars; 7 green bars 

a x i m ~ m  pressure and 1 red ar indicates urn operating 

pr e55ure I 

The computer w i l  also d i s  lay  informatian that the aperator requests 

by depressing a button corre5ponding to the i n f ~ ~ ~ a t i o n  he needs  to 

know, Pressing the button a second time w i l l  clear the information 

from the screen. If the computer detects a alfunction, it 

flash the ~~~~~R or ~~~T~~~ lights on the panel (depending an the 

severity ad: the  malfunction^ and trigger an audi le alarm f r o m  a 

speaker inside the operator’s helmet. The operator has the optisn o-f 

cancelling the audible or visual siqnals, or both, by using the t w o  

cancel 1. ati an buttons on the control panel - 
Id: m o r e  than one mal-function accurs at o n e  time, the computer  ill 

set off both alarms? and display kip to three diagnostic messages at 

once, arranging them in descending order of. importance- The control 

panel also includes a test button t o  check the circuits in %he 

panel  = The panel will be made o-f a fibergla55-rein-forced epoxy 

laminate, and coated with a white hermal paint. In case of panel 

mal-f~nction? the dozer can be c o n t r o ~ l e ~  by an operator at the base. 



7* 1 odes: Three  f a i l u r e  modes and t h e i r  consequences  are 

examined i n  t h i s  sec t ion :  v e h i c l e  t i p - o v e r ,  a b r u p t  s t o  

e x p l  asi ons, Hazards  d u e  to o p e r a t o r  misuse are also ana lyzed ;  

p o s s i b l e  o p e r a t i o n a l  h a z a r d s  are a t t e m p t i n g  to exceed  11 t h e  d e f i n e d  

d u t y  cycle, and 2) p r e s c r i b e d  ~ e r f ~ r m a n c ~  s p e c i f i c a t i o n s ,  

7.1.1- V e h i c l e  Tip-over: T h e  consequences  of v e h i c l e  t i p - o v e r  are 

minimized by t h e  propused remote-cont ro l  p a n e l ,  S i n c e  remote-cont ra1  

o p e r a t i o n  of t h e  d o z e r  a l l o w s  t h e  o p e r a t o r  to c o n t r o l  t h e  v e h i c l e  

f rom a safe d i s t a n c e ,  harm t o  t h e  o p e r a t o r  d u r i n g  v e h i c l e  t i p - o v e r  is 

e l i m i n a t e d ,  A l s o ,  t h e  computer used  i n  t h e  remote c o n t r o l  o p e r a t i o n  

af t h e  d o z e r  c o n t i n u o u s l y  mon i t c r r s  t h e  maximum a n g l e  of tilt t h a t  c a n  

be a t t a i n e d  b e f o r e  t h e  loss of s t a b i l i t y  occur5. The m i c r o p r o c e s s o r  

al5;a i n c l u d e s  a s e n s o r  t h a t  s h u t s  o f f  t h e  motor be-fore t h i s  a n g l e  is 

reached ;  t h e r e f o r e ,  a n y  a t t e m p t  to t r ave l  over t e r r a i n  which would 

ca~t5e t h e  d o z e r  t o  t i p  w i l l  cause t h e  v e h i c l e  t o  stap. However, i n  

t h e  u n l i k e l y  e v e n t  t h a t  v e h i c l e  t i p - o v e r  does occur, t h e  computer is 

~ r o g r a ~ m e d  t o  cea5e a l l  f u n c t i o n s  t o  minimize damage t o  t h e  v e h i c l e ,  

7-6.2. &abrupt Stops -- Impact Shack:: The second mode of f a i l u r e  

a n a l y z e d  w a s  t h e  e f f e c t  of a b r u p t  s t o p s  an t h e  v e h i c l e .  S e v e r a l  

5 t e p s  have  been t a k e n  to minimize t h e  e+#ects of impact shock on t h e  

d o z e r  z t h e  m ~ t o ~  is e ~ u l p p e d  i t h  a s p e c i a l  s o f t - ~ t a r t ~ s o f t - s t o p  

f e a t u r e  t h a t  i n c r e a s e s  t h e  l o a d i n g  of t h e  s h a f t s  g ~ a d u ~ l l y ~  t h e  

c h a s s i s  is al5D lined r i n e  r u ~ b e r  and f i b e r g l e i 5 5  i n s u l a t i ~ n  

t u  p r o t e c t  t h e  f u e l  cells, gas tanks, and c o o l i n g  sys t em f r o m  



p u n c t u r e s  t h a t  might  b e  caused  by sudden s t o p s .  The s o f t - s t a r t / s o f t -  

motor is f a i r l y  common is e x i s t i n g  eart -moving e ~ u i p m e n t .  I t s  

major d i s a d v a n t a g e  is t h a t  it is n o t  v e r y  e f f e c t i v e  for s h o r t ,  

i n t e r m i t t e n t  o p e r a t i o n s ;  s i n c e  t h e  l u n a r  d o z e r  is e x p e c t e d  t o  o p e r a t e  

c o n t i n u o u s l y  d u r i n g  its s i x  hour  d u t y  c y c l e ,  t h i s  problem s h o u l d  n o t  

a p p l y  t o  t h i s  d e s i g n .  S i n c e  puctures i n  t h e  gas t a n k s  and c o o l i n g  

5y5tem would c a u s e  a r e s u l t i n g  loss  i n  p r e s s u r e  t h a t  would h a l t  t h e  

e f f e c t i v e  o p e r a t i o n  of t h e s e  syfjtems, t h e  c h a s s i s  is l i n e d  t o  p r o t e c t  

t h e  above  s y s t e m s  f rom any  s h a r p  e d g e s  or p r o t r u d i n g  o b j e c t s  t h a t  

might  cau5e p u n c t u r e  d u r i n g  sudden s t o p s .  The f u e l  cells  are also 

i n s u l a t e d  i n  a s i m i l a r  manner t o  minimize t h e  o c c u r r e n c e  a+ 

e x p l o s i o n s  d u e  t o  a b r u p t  s t o p s .  

-s 1 * 1 . 3 =  Explt35iOn5: E x p l o s i o n s  w i t h i n  t h e  lctnar d o z e r  were t h e  t h i r d  

i n h e r e n t  mode of f a i l u r e  in t h i s  d e s i g n .  S i n c e  t h e  a s t r o n a u t  is 

c o n t r o l l i n g  t h e  o p e r a t i o n  of t h e  d o z e r  f rom a s a f e  d i s t a n c e  { u n l e s s  

h e  c h o o s e s  t o  r i d e  on t h e  d o z e r  during o p e r a t i o n ) ,  p e r s o n a l  harm due 

t o  a n  e x p l o s i o n  is m i n i m i ~ e d  (see Farag raph  P of t h i s  s .ect ion1.  The 

o c c u r r e n c e  of a n  e x p l a s i n  is also minimized b e c a u s e  of p r e c a u t i o n s  

t a k e n  t o  p r o t e c t  t h e  f u e l  c e l l s  ( F a r a g r a p  t h e  ~ e m a i n i n g  

p r o b a 4 l e  ca~t5e of e x p l o s i o n  is t h e  r e f c i e l l i n j  o+ t h e  cells; i n  order 

t o  minimime d ~ m a g e  t o  t h e  d o z e r ,  t h i s  i l l  b e  done  a t  a r e m o t e ,  

c o n t r o l  l e d  site, Rubber hoi3es w i l l  b e  used t o  r e f i l l  t h e  t a n k s  ( t o  

i nimi ze m e t a l  - t a - m e t a l  contact i c h  may cause s p a r k s  i n  t h e  

p r e s e n c e  of t h e  oxygen), 

7.2 l e  f o r m s  of o p e r a t o r  m i s u s e  w e r e  

d i  s c u s s e d  E t i n g  t o  ekceed  t h e  d e f i n e d  d u t y  c y c l e  and 

p t i n g  t o  exceed  spec i -F ied  e r fo rmance  o b j e c t i v e s .  

7,2, I, -------- xcetldinu t h e  u t v  Cycle:: O p e r a t i o n a l  h a z a r d s  caused  by 
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a t t e m p t i n g  to exceed t h e  d e s c r i b e d  d u t y  c y c l e  w e r e  m i n i ~ i ~ e d ,  i f  n o t  

e l i m i n a t e d  by t r a n s d u c e r s  c o n t r o l l e d  by t h e  computm-. A warning 

i l l  alert t h e  a s t r o n a u t  one  hour  b e f o r e  t h e  

t e r m i n a t i o n  of t h e  d u t y  c y c l e  fi-e., f i v e  h o u r s  a f t e r  o p e r a t i o n  of 

t h e  dozer  h a s  c o m ~ ~ n ~ e d ~ .  I f  t h e  o p e r a t o r  still a t t e m p t s  t o  exceed 

s i x  huurs of o p e r a t i o n ,  t h e  computer  w i l l  command the m o t o r s  ta s t o  

7.2.2. E x ~ ~ ~ d h s s _ , e e ~ f n r m a n ~ ~ - - ~ ~ ~ ~ h ~ h ~ ~ ~ ~ n ~ ~ ~  The computer  w i l l  

p r o t e c t  t h e  doze r  from a t t e m p t s  to exceed p e r f o r ~ a ~ c ~  o b j e c t i v e s  i n  a 

si m i  1 ar manner I Transduce r s  connec ted  t o  t h e  computer w i  11 "'weigh'' 

t h e  payload b e f o r e  a t t ~ m p t i n g  t o  l i f t  it; i f  t h e  payload  e x c e e d s  

prede termined  d e s i g n  c o n s t r a i n t s ,  t h e  computer w i l l  n o t  a l l o w  t h e  

hydrau l  ic sys t em to operate. 



platina I n s t r u c t i o n s :  Fue l  may e added a t  f i l l i n g  p o i n t s  l o c a t e d  

t h e  c h a s s i s  between t h e  whee l s  on e i t h e r  s i d e .  One f i l l i n g  p o i n t  

15 f o r  oxygen and t h e  p o i n t  on t h e  o t h e r  s i d e  is f a r  f i l l i n g  t h e  

hydrogen t a n k s .  up t h e  f u e l  cell b a t t e r y ,  t h e  mechanics  

must t h e n  f i l l  t h e  cell w i t h  e l e c t r o l y t e  b e f o r e  5 i t c h i n g  t h e  cel ls  

on. At t h a t  p o i n t ,  h y d r a u l i c  oil and c o o l a n t  i5 added t o  the s y s t e m  

and t h e  pumps s t a r t e d  to pr ime  t h e  s y 5 t e m .  N e x t ,  t h e  d r i v e  m a t o r  

c i r c u i t s  are c l o s e d ,  t h e  emergency b r a k e s  (one on each  s i d e )  are set, 

t h e  r ema inde r  of t h e  e l e c t r o n i c s  are s w i t c h e d  on, and t h e  d o z e r  is 

r e a d y  to g o  to work ,  

C a u t i o n  mu5t b e  e x e r c i s e d  when powering up t h e  f u e l  cell b a t t e r y  

b e c a u s e  c e f  t h e  p o t e n t i a l l y  ' f a t a l  v o l t a g e  and h i g h  c u r r e n t - d e l i v e r y  

c a p a b i l i t i e s  of t h e  powerplan t .  C o o l a n t  s h o u l d  have  a t e m p e r a t u r e  of 

1 - C  - 5 - C  before s t a r t u p ,  and t h e  "exhaus t "  w a t e r  t a n k  s h o u l d  b e  

empty- 

B e f a r e  f u l l - s e r v i c e  o p e r a t i o n ,  t h e  d o z e r  s h o u l d  b e  g i v e n  a 

"pre-runJf t o  test t h e  b r a k e 5  and t h e  h y d r a u l i c  sygtem. I n  normal 

o p e r a t i o n ,  t h e  compute r ' s  warn ings  s h o u l d  be heeded, e s p e c i a l l y  i n  

t h e  ca5e5 of imminent t i p - a v e r  and o v e r h e a t i n g ,  &ll i n s u l a t e d  

compartments  s h o u l d  tie s e a l e d  and a11 c h a i n s  and b e a r i n g s  p r o p e r l y  

l u b r i c a t e d  be+ore beg inn ing  sai l -moving o p e r a t i o n s ,  



To meet the specifications r e ~ ~ i r e d  by ASA for a bulldozer suitable 

f o r  lunar applications, w e  modified an existing Case 

hi-loader su  that it ould bulldoze effectively on the moon.   emote 

contra1 w a s  proposed as a method of operating the drszer; this was 

intended tu m i ~ i m i z e  harm to the operator and to solve the size 

constraint prublems associated with direct operator accessI A 

thermal system was designed that would effectively combat the 

problems caused by the lack of convective heat transfer, and thermal 

coatings and insulation w a s  added tu protect the dozer from harm due 

to radiation and micrumeteorite rain. 

Tars prolong the useful life of the dozer, the fallawing "daily" 

maintenance checklist is recommended: 

Check chain tension. 

Check drive train seals. 

Clean coulant t a n k  (of dust, etc.1 

Flush -futzl  cell battery. 

Lubricate bearing5 as necessary. 

Check on fire retardant pre55ure. 

Run circuit checks un computer. 

Check hydraulic ai l l e v e l  /. 

~ h a n ~ e  all filters ~ h y d r a ~ ~ i c ,  cuulant, and 

as necessary. 

Check operation of both emergency brakes. 

Check w h e ~ l  c o ~ d i t i o ~ ~  

Preheat systems bef  ore use, 

electric 1 



23, 

15. 

18. 

17. 

Drain all liquid tanks if dozer is to be left outside at 

night. 

Check belt torque periodically at a l l  structural points, 

Inspect visually for meteorite damage, 

Check p H  a? electrolyte periodically, 

Clean dust  of+ lclader every *'day''m 

~ e c o m m e n ~ ~ t  i clns: 

2 *  

2. 

3,  

4. 

5. 

8. 

Operatar shauld have a moon buggy for transpeed. 

Chain should tie adjusted periodically. 

Eta not fill fuel tanks simultaneously. 

Have radiation facility for ccloling water. 

Have a splitter for the H2 and 02, a compressor, and a 

steady supply a? fuel 

Pi modular computer is needed (several spares should be an 

harid) I 
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Several alternate design parameters were propased for the design a4 

the bulldazer, The -Following alternatives were proposed: a linked 

tracking system, wire loop wheels, batteries, a space radiator, a 

fiber campasite chas515, power screws, direct operator access and 

remote contra1 from Earth. 

The Linked Trackinq Svstem: The linked tracking system w a s  proposed 

because of the weak, easily crushed 5ur.face of the moan. The m a j a r  

merit of the linked tracking system was its large contact area; this 

would reduce the crushing effect on the soil while still providing 

enough surface shear for the necessary bulldazing resistance, Since 

a tracked system is quite long compared to a tire, such a system 

would have been able to travel aver rough terrain more readily than a 

wheel. 

The main disadvantage of a linked tracking system was its large 

n u m ~ e r  of m ~ ~ i n g  parts. In addition to increasing the need far 

maintenance (to replace failed bearings) , the bearings would also 

ecial care ta keep lunar dust aut af the housings. On 

existing earth-~~ving e q ~ ~ ~ p m e n ~ ~  treads are hinged bare metal 

segments; however, such segments  would be uickly cold- elded on t 

maon I 

An elastic wire loo wheel which has wide -Flat 

spokes and a spirally-connected hub and rim as also proposed a5 an 



a l t t e r n a t i v e  t r a c t i o n  d e s i g n .  idhen power is a p p l i e d  t o  t h e  l o a d e d  

wheel,  t h e  w e5 an e l l i p t i c a l  c o n t a c t  area s i m i l a r  t o  t 

of t h e  t r a c k e d  v e h i c l e ,  T h i s  5ystem is also e a s i l y  able t o  deform 

over ciktacle5; i .e. t h e s e  h e e l 5  travel w e l l  over rough t e r r a i n ,  

H o w e v e r ,  t h e  d i s a d v a n t a g e  of t h i s  t i re is t h a t  it is n a t  r i g i d  enough 

t o  w i t h s t a n d  t h e  b u l l d o r i v g  resistance g e n e r a t e d  by  our d e s i g n  

payload  and b l a d e  size. 

___------- B a t t e r -  i es 2 The u s e  of b a t t e r i e s  w a s  proposed  in t h e  e rly d e s i  n 

s t a g e s .  The ease of ma in tenance  fi .e, ,  r e c h a r g i n g  t h e  b a t t e r y )  and 

minimal r e p a i r  r e q u i r e m e n t s  were t h e  g r e a t e s t  a d v a n t a g e s  of t h e  

b a t t e r y ;  t h e  heavy we igh t  of t h e  b a t t e r i e 5  w a s  also an  a d d i t i o n a l  i n  

tract  i on I   ow ever, b a t t e r i e s  d i d  n o t  m e e t  t h e  power and d u t y  

r e q u i r e m e n t s  Cos 40 horsepower and 5 h o u r s  cont in t to t t s  d u t y ) .  

SencE--RndLa%nrh A s p a c e  r a d i a t o r  w a s  p roposed  t o  cool t h e  b a t t e r y  

(5ee p r e c e d i n g  s e c t i o n )  .( The s p a c e  r a d i a t o r  r e q u i r e d  t h a t  t h e  

b a t t e r y  b e  t h e r  a l l y  i s o l a t e d  f rom t h e  d o z e r  t o  i n i m i z e  t h e  d o z e r ’ s  

i n f l u e n c e  on t h e  b a t t e r i e s ) ,  T h i s  w a s  accompl ished  by mean5 of a 

g l a s s  epoxy enc losu re  which housed an i n t e r n a l  ti -1 a y e r e d  

i n s u l a t i o n  b l a n k e t .  T h i s  i n s u l a t i o n  b l a n k e t  w a s  compased uf t h i n  

r a d i a t i o n  5 h i e l  5 -- 25 m i ~ r o m e t e r  t h i c k  p o l y e s t e r /  o l y i ~ i d e  f i l  

m e t a l l i z e d  w i t h  s i l v e r  on one s i d e  t o  a c h i e v e  l o  e m i t t a n c e .  S p a c e r  

materials w e r e  used  to s e p a r a t e  t h e  r a d i a t i o n  5 h i e l d s  and mini  

s h i e l d - t o - s h i e l d  c o n t a c t :  p l a s t i c  and s i l k  n e t t i n g ,  t h i n  s h e e t 5  of 

Soam, and embossed p l a s t i c  fil I &n opening  in t h e  glass  e n c l o s u r e  

~ e r m i ~ t e d  h e a t  r e j e c t i o n  from t h e  b a t t e r y  r a d i a t o r ;  ta minimize 
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absorbed solar flux, 5-mil silvered kef l o n  was used a5 a radiator 

coati ng I Pin fins were attached to the radiator to provide an 

additional radiator area parallel to the 5un vector, and the total 

radiator sized to maintai~ the 

was made to modify this design 

increase in heat dissipation made 

for our size constraints. 

El~er,_camesskre__ch~s~~~~ Three 

considered a5 chassis materials: 

batteries below 30-C. An attempt 

for -fuel cells; however, the large 

such a modificati~n tau cumber5om~ 

different fiber composites were 

f)upont Kevlar K-49 structural ?I 

boron, and carbon fiber composites. All of the above materials have 

a strength-to-weight ration greater than that of steel; however, the 

epoxies used in these composites tend to f a i l  at high operating 

temperatures I 

enwEr--3crewzE Power screws were considered a5 an alterna 

hydraitl i c system. Hawever, the relatively 51ow lift times o+ the 

bucket, the bulldozing resistance of 5uch a blade and the higher heat 

dissipation associated with power screws made t h i 5  alternative a 

relatively poor choice, 

access and remotE control fram Earth were considered as design 

alternative5 for operating the dozer (the astranaut is still allowed 

the option of riding an the darer during operatian); direct operator 

acces5 was c o ~ s i d e r e ~  unsafe because af the possibilities of suit 

puncture and vehicle tip-over. It was also difficult to design a 
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comf~rtable compartment with easily-accessible controls that met the 

size constraints of the shuttle. Remote contra1 operation f r o m  Earth 

w a s  considered impractical far the fallawing reasons: 

1. the time involved to develclrp and produce the 

system, 

2. the lack of clear visibility of: the area 

~ ~ r r ~ ~ ~ d i ~ ~  the dozer, 

3. the inherent time delay in decision-making. 

4. maintenance and repair complications. 
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10. CSEENQZICES 
A. 1- Calculations: 

E a s e d  on a 15HP motor and a 37.3KWH t o t a l  demand, the design spec- 

i f i cat i on5 of a hydrogen-oxygen fue l  c e l l  are: 

Weight of f ue l  c e l l  450 l b s  
Volume of  f ue l  c e l l  5.6 f t3 
Hydrogen required,per KWH a t  STP 18 f t3 
Oxygen required, per KWH a t  STP / 9.0 f t 3  
Volume of H2 and 02 a t  30QOpsi 5.0 f t 3  
Weight of 02 and H2 and fue l  tanks 250 lbm 
Total weight of  fuel. c e l l  and fue l  system 700 lbm 

In  designing a fue l  c e l l  f o r  two 20HP -15KW motors and a 240KWH 

total demand, a l inear  extrapolat ion of  the ex is t ing data was used t o  

calculate the projected s ize  and weight o.f the new design. 

We2_sht-of,fu,aLEelh 
C450 lbs/Il.2KW3 $ 40KW = 1607.2 l b s  

o~YQen_resu~re~-at,SIP 

E 9  ft3/KWH3 t 6KWH = 54 f t3  



Weight of fuel cell 1600 lbs 
Volume of fuel cell 20 f t3  
Hydrogen required,per KWH at STP 
Oxygen required, per KWH at STP 54 f t 3  
Volume of H2 and 02 at 3000psi 

ma f t 3  

32.2 ft3 
Weight of 02 and H2 and fuel tanks  450.0 l b s  
Total weight of fuel cell and fuel system 2050 lbs 

. I  
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ME 4102 HEEKLt PROGRESS - REPORT 

PERIOD: FB,, THRU: !?&f3 26 TEAM NO.: T/u& #?O 

HOURS 
NAME, IN IT IALS ENGINEERING TECHNICIAN CLERICAL TOTAL 

20 
20 

22 

3 

3 
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ME 4182 HEEKLt PROGRESS REPORT 
... . 

PERIOD: Em. /3;14SS THRU: Fa. 19,fSSS TEAM NO.: N - 4:30 

COMMENTS : 

HOURS 
NAME, INIT IALS ENGINEERING TECHNICIAN CLERICAL TOTAL 

1144. A-posraLIP= 2 
2 1 / 4 4  M b t f J ~ S O  

3 )  #. M G ~ N  5 

4) 3. PA$%= 
5 )  ?? TiDlE + 
6 )  c. ~ ~ E ( u ~ s b I c )  4 

5 
%3 

5 

TOTALS = 25 '/z 25 Yz 



WEEK 4- J G N U G R Y  23, 1304 

STFITUS REPORT 

We have  r e s e a r c h e d  a f r o n t  -end a t  t achrnertt s i r n i  12r to 
~ ; c i r < b  i n g  d e s i g n s .  S e v e r a l  o p t i o n s  were d i s c u s s e d  as fe s i b l e  
ci1:1:1ui:: isns d u r i n g  our last meet irtg:  

H y d r a u l i c  p i s t g o n s  
Gear Rack 
Power  Screws 

C3ur group  h a s  d i v i d e d  i n t o  t h e  fol. lowing s u b s e c t i o n s :  
f7riqel1=,s Gpos to l ides . .  .............. Power  source/Engine? 
Mart i n  Mancctsa. .................... T r a c t  ion/Mobi 1 i t y  
Nelsctn McRay.. ..................... Fuel /Energy  S o u r c e  
Juhne'  Parker.. .................. . .Cool ing  System 
P a t r i c k  Thole. ..................... Power  T r a i n  
C h a r l e s  Thomlinson. ................ M a t e r i a l s / S t r u c t u r a l  

We have  a l r e a d y  begun r e s e a r c h  or1 t h e s e  t o p i c s ;  a t  out- next 
Componertt si 

wieeting we p l a n  to d i s c u s s  f e a s i b l e  a l t e r n a t i v e s .  





In the process o f  researching the establishment o f  a permanent 
base on the lunar surface, NASCI has’recognized the need for soil- 
moving equipment. This equipment is vital to site preparation. 

- ”‘ Design requires that a working knowledge o f  the lunar environment 
and its effects on operation and product life o f  this equipment 
a r e  attained. 



ME 4102 WEEKL'r PROGRESS REPORT 
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PERIOD: 3' -JN.. I6 THRU: Jm. zz TEAM NO.: m-q:3O 

b7 
7 

TOTALS = 41 .-o - 1 42 
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HE 4102 HEEKLt PROGRESS- REPORT 

PERIOD: FE& 27 THRU: MhA 5 TEAM NO.: TU 4'.30 

TOTALS = 

HOURS 
ENGINEERING TECHNICIAN CLERICAL TOTAL 

1: 
F 

1 
2 
5 

3 
3 

2 

4 
6 
4 

22 

0 \4 

59 86 
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D E S I G N  OF A BULLDOZER APPROPRIATE FOR A LUNAR ENVIRONMENT 

-' 

I ABS'TFi'ACT 
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4. FJ:RE/EXPLOSIONS 
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' 3 1  I II CUNCLUS I UPJS AND RECUMMENDAT IONS 
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RECORD OF I N V E h T l Q N  - Part I 

4. PRESENT ADDRESS (NO. Street, City, County, State) 

S S T C  #l Room 218,  A t l a n t a ,  GEORGIA 

This is an important l e g a l  document. Read i n s h u c t i o n s  careful ly  before fillinK in data. 

TELEPHONE PERMANENT OR U N T I L  

( 4 0 4 )  894-321E 

PROJECT NO. 
REC. OF 
INV. NO. RECOMMENDED SECURITY s e c r e t  CONTRACT NO. CLASS I F I  CATION 

GEORGIA INSTITUTE OF TECHNOLOGY 
3 .  DATES OF EMPLOYMENT 

W t r .  Gltr. 1985  ( J a n u a r y  4 - March  12 )  

5. PERMANENT A D D R E S S  (NO. Street, t h y ,  county, State) TELEPHONE 

1 
6. NAMES ( S I  AND ADDRESS (ESJ OF CO- INVENTORS ( If m y  ) 

jc A n a e l o s  A o o s t o l i d e s ,  M a r t i n  Mancuso, N e l s o n  McRay, J o h n e '  P a r k e r  

P a t r i c k  T h o l e ,  a n d  C h a r l e s  T o m l i n s o n .  

7. DESCRIPTIV ,E  T I T L E  OF I N V E N T I O N  

The L u n a r  Dozer 

8. L I S T  DRAWINGS. SKETCHES. PHOTOS. REPORTS. DESCRIPTIONS. NOTEBOOK ENTRIES. E X .  WHICH SHOW OR DESCRIBE INVENTION 

V 

See t h e  DRAWINGS s e c t i o n  o f  t h e  A p p e n d i x  i n  t h e  p r e c e d i n g  r e p o r t .  

9. EARLIEST DATA AND PLACE INVENTION WAS CONCE IVED ( Brief outline of cucumstances) 

J a n u a r y  8 ,  1985 

10. DATE AN0 PL4CE Of F I R S T  SKETCH. DRAWING OR PHOTO 
t F e b r u a r y  1 2 ,  1985 

1 I. OLTE AND PLACE OF F I R S T  WRITTEN DESCRIPTION 

F e b r u a r v  26, 1985  
12. D I S C L O S U R E  OF I W 4 E I T I O N  TO OTHERS 

I I I 
12.A IMPORTANT -HAVE ANY PUBLICATIONS OR REPORTS SEEN WADE ON T H I S  INVENTION? 

ves :  see  p r e c e d i n a  r e p o r t .  
13. DATE AND PLACE OF COMPLETION OF F I R S T  OPERATING MODEL OR FULL  S I Z E  DEVICE 

n / a  , 
14. PRESENT LOCATION OF Mf f lEL  

35. DhTE. PLACE, DESCRIPTION AND RESULTS O r  FIRST TEST OR OPERATION 

- 
Form EES 304 Page 1 



16. NAMES AND ADDRESSES OF WITNESSES OF F I R S T  TEST 

~ ~- 

17. DATE. PLACE. DESCRIPTION AND RESULTS OF LATER TESTS (name wltnesses) 

18. IDENTIFY RECORDS OF TESTS AND G I V E  PRESENT LOCATION OF RECORDS 

19. P R I O R  REPORTS OR RECORDS OF INVENTION TO WUlCU INVENTION I S  RELATED 

none 

I 

20. OTHER KNOWN CLOSELY RELATED PATENTS, PATENT APPLICATIONS AND PUBLICATIONS 

I I I 
I 
I I I 
I I I 

21. EXTENT OF USE PAST. PRESENT AND CONTEMPLATED (Give dates, places and other pertinent details) 
T h e  l~rinar do7er w i l l  be 

11seT1 t.n mnve l r l n a r  dust and rock awav from the permanent space station 
that N A S A  wishes to build on the moon. 

22. DETAILS OF INVENTION HAVE BEEN RELEASED TO THE FOLLOWIHG COMPANIES OR A C T I V I T I E S  

NASA,  Huntsville, AL 
L I I I 

I I 

SIGNATURE OF INVENTOR DATE 
_I__= . I”.. 



RECORD OF iNYEHTlOW - Part I1 

(At tach to R e c o r d  of Inventzon Part I )  
REC. OF 
I N Y .  EtO. This Disclosure of Invention should he written up in the inventor's own words 

and generally should follow the outline given below. Sketches, prints, photos 
and other illustratbns a s  well as rcporh of any nature in which the invention 
is referred $0, if available. should form a parr of :his disclosure and reference 
can be me& thewto ia the drscriptior. of sonolrnction and operation. 

For answers to f o l l O W i O g  quest ions  use remainder of sheet and attach extra s h e e t s  if necessary. ~ _ _  
I 

3. GENERAL PURPOSE OF !NVFNTION.  STATE 1'4 GENERAL 7. 
TERMS THE OBJECTS OF THE I h V E N T I O N .  

4. DESCRIBE OLD METHGD(S; I F  AF!Y. OF PiFtF0RMIN.S THE 8. 
FUNCT I ON OF THE I NVENT I ON. 

5 .  i NDICATE TEE D lSADVANTACE5 OF THE OLD MEANS OR U E V f C E  (S) . 9.  

6 .  DESCRIBE THE CONSTRUCTION OF YOLR I N V E N T I O N .  SHOW- !O. 
I NG THE CHANGES. ACD I T  IONS AND I MaR0VChnEI:'S O ' X R  

THE O L 5  MEANS OR D E V I C E S  
1 : .  

G I V E  DETA 1 L S  OF THE OPERAT i ON i F NOT ALREADY 

DESCRIBED U N D E R 6 .  

STATE THE ADVANTkGES O r  YOUR INVENTIOb! OV'ER #HAT 

HAS BEEN DONE BEFORE. 

I N D I C A T E  AUY ALTERNATE METHODS OF CONSTRUCT!ON. 

1 F A J O  I Nl I W E N T  I Orrl, I ND I CATE WHAT CONTR I BUT:  ON 

WAS MADE BY FACH I WENTOR.  

F E A l U R E S  WHICH ARE B E L I E V E D  TO RE NEW. 

12. AFTER THE 31SCLOSLJRE IS PREPARED. I ?  SHOULD BE S IGNFD BY THE INVENTOR(S) ,  AND THEN READ AND S!GNED A T  
THE BOTTOM OF EACH PAGE BY TWO WITNESSES U S I N G  THE FOLLOW1 NG STATEMENT: 

D ISCLOSED TO AND GNDERSTOOD BY ME THIS------,DAY OF,---,,,-,19-,, 
e .  

~lGf~4T~R~~~~-----------~-~----------,--. ,. 

--- 

3.  Many t o o l s  and v e h i c l e s  h a v e  been  u s e d  on  t h e  moon; however ,  

none o f  t h e s e  was d e s i g n e d  f o r  l o n g - t e r m  u s e  or s o i l - m o v i n g  

c a p a b i l i t i e s .  NASA w i s h e s  t o  b u i l d  a p e r m a n e n t  space  s t a t i o n  

on  t h e  moon; o u r  b u l l d o z e r  w i l l  b e  used  t o  move l u n a r  d u s t  and 

r o c k s  away f r o m  t h i s  s i t e .  S i n c e  t h e r e  a r e  no  e x i s i n g  space  

v e h i c l e s  upon  w h i c h  t o  b a s e  a b u l l d o z i n g  d e s i g n ,  we have  

m o d i f i e d  e x i s t i n g  e a r t h - m o v i n g  e q u i p m e n t  so t h a t  i t  w i l l  o p e r -  

a t e  i n  a l u n a r  e n v i r o n m e n t .  

Q u e s t i o n s  4 - 6 do n o t  a p p l y  t o  t h i s  d e s i g n .  

7.  P l e a s e  see  t h e  s e c t i o n  on  OPERATING I N S T R U C T I O N S  i n  t h e  p r e c e d i n g  

r e p o r t .  



REC. OF 
INV. NO. 

8. T h i s  q u e s t i o n  does  n o t  a p p l y .  

9 .  P l e a s e  see  A p p e n d i x :  ALTERNATE DESIGNS i n  t h e  p r e c e d i n g  r e p o r t .  

10.  P l e a s e  see  PROGRESS REPORTS i n  t h e  Append ix .  

11. The d e s i g n  b a s i c a l l y  m o d i f i e s  an e x i s t i n g  u n i - l o a d e r  f o r  l u n a r  

a p p l i c a t i o n s ;  t h e r e f o r e ,  no  f e a t u r e s  o f  t h i s  m a c h i n e  a r e  t o t a l l y  

new ( a l t h o u g h  t h e  s y n t h e s i s  o f  o u r  i d e a s  l e d  t o  t h e  d e s i g n  o f  

a u n i q u e  m a c h i n e ) .  

DISCLOSED TO AND UNDERSTOOD BY ME 

Otd {IS 
DISCLOSED TO AND UNDERSTOOD BY ME 

5. 

WITNESS 








